Mast cells and basophils, which are derived from hematopoietic progenitor cells, are key eff ector cells in IgE-mediated immune responses, such as allergy and host protection against parasites (1) (2) (3) (4) . Upon binding of the antigen to IgE, these eff ector cells immediately release various proinfl ammatory molecules, including chemical mediators and cytokines (1) (2) (3) (4) . These cells express high affi nity FcR for IgE (FcεRI), which is composed of an IgE-binding α subunit, a β subunit (FcεRIβ), and a disulphide-bonded γ subunit (FcRγ) homodimer (4, 5) . Both FcRγ and FcεRIβ contain a cytoplasmic amino acid sequence termed immunoreceptor tyrosine-based activation motif (ITAM) (4, 5) . Upon clustering of FcεRI by IgE and multivalent antigens, the intracellular Src family protein tyrosine kinases phosphorylate tyrosine residues of the ITAMs of FcRγ and FcεRIβ (4, 5) . The phosphorylated ITAM serves as the binding site for Syk, resulting in its activation and autophosphorylation, which leads to the induction of a further downstream signaling cascade (4) . Mast cells and basophils also express other ITAM-bearing receptors, such as type III low affi nity FcR for IgG (FcγRIII), and many activating-type receptors, including Toll-like receptors, as well as those for complement components like cytokines and chemokines (2, 3) . These receptors can also activate mast cells or basophils upon binding to their cognate ligands, resulting in the de novo synthesis and release of cytokines, chemokines, and lipid mediators (1) (2) (3) (4) . Upon stimulation by these activating receptors, mast cells or basophils are triggered within a few minutes, thus leading to acute hypersensitive responses, such as anaphylaxis and acute asthma attack (4) . Moreover, the constitutive binding of monomeric IgE molecules to FcεRI can amplify cell-surface expression of FcεRI and its signaling (1, 4, 6) .
Considering the presence of diff erent ways to stimulate mast cell or basophil activation cascades, one may predict the importance of the counterregulatory system of mast cells or basophils, which tightly suppress any spontaneous or excessive activation of the cells. In fact, like other cells in the immune system, mast cells and basophils express various inhibitory receptors, which counteract activating receptors on the same cells (7) . In mice, these include FcγRIIB (7, 8) , mast cell function-associated antigen (9) , and gp49B (10) , all of which harbor one or more immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in their cytoplasmic portions. When coengaged with activating-type receptors such as FcεRI, the tyrosine residues in these ITIMs of the inhibitory receptors are phosphorylated (1, 7) and recruit Src homology domain 2-containing inositol polyphosphate 5′-phosphatase (1, 7) or Src homology domain 2-containing tyrosine phosphate (SHP)-1 (1, 7), both of which dephosphorylate the ITAM-induced signaling molecules. Therefore, mast cells lacking these inhibitory receptors are sensitive to IgE stimulation (7) . In contrast, mast cells lacking activating receptors show attenuated responses to various stimulation, indicating that the mast cell activation is regulated by adequate balancing between activating and inhibitory receptors (1) (2) (3) (4) 7) .
Leukocyte Ig-like receptors (LILRs) are a family of Iglike receptors encoded by several genes and are expressed on various immune cells, such as those of myeloid and lymphoid lineages (11, 12) . LILRs are divided into two types of receptors: activating-type receptors (LILRA1-A6) and inhibitory-type receptors (LILRB1-B5). Activating-type LILRs, which associate with FcRγ, deliver positive signals into the cells, whereas inhibitory-type LILRs harbor ITIMs in their cytoplasmic portions and deliver inhibitory signaling by recruiting SHP-1 to the phosphotyrosylated ITIMs (11, 12) . Although it remains unclear whether LILRs are expressed on mast cells, peripheral basophils express several LILRs, such as LILRA2, LILRB2, and LILRB3 proteins (13) . Recent studies demonstrated that LILRA2 can elicit eff ector functions of basophils upon cross-linking with antibodies (13) . Moreover, LILRB2 represses the basophil activation stimulated with IgE or anti-LILRA2 (13) , showing that LILRs have an essential role in the function of basophils. Although a full spectrum of the ligands for LILRs is not yet clarifi ed, several LILRs are found to recognize MHC class I molecules as their ligands (12, 14) . In particular, LILRB1 and LILRB2 can bind various classical or nonclassical MHC class I without allele specifi city (14) .
Mouse LILR relatives or orthologues, paired Ig-like receptors (PIRs) (15, 16) are also composed of two isoforms, activating PIR-A and inhibitory PIR-B, expressed on various hematopoietic cell lineages, including B cells, mast cells, macrophages, granulocytes, and DCs, but are not expressed on T cells and NK cells (16, 17) . PIR-A requires ITAMcontaining FcRγ for its cell-surface expression and signal transduction (17) (18) (19) (20) (21) . In contrast, PIR-B contains ITIMs in its cytoplasmic portion and inhibits activation signaling upon coengagement with other activating receptors (20, 22, 23) . Indeed, artifi cial cross-linking of PIR-B to FcεRI-bound IgE with antibodies suppressed the IgE-mediated calcium response and degranulation of mast cells, suggesting that PIR-B can suppress FcεRI-mediated mast cell signaling (24) .
Recently, we found that PIR-B, as well as PIR-A, can bind MHC class I molecules (25) . Like LILRB1 and LILRB2 proteins, the recombinant PIR-B had similar binding affi nities to various mouse MHC class I proteins. Therefore, the identifi cation of the ubiquitously expressed "self " marker proteins as the ligands for PIRs and LILRs raises the possibility of whether cells expressing PIRs or LILRs, such as mast cells and basophils, could be autoregulated by the MHC class I molecules expressed on their own (in cis) or influenced by the self-marker molecules on the surrounding cells (in trans), or both. Clarifying this question should be fundamentally important, because it will provide us with an invaluable notion of the mode of regulation in MHC class I and its receptors, which probably constitute pivotal components maintaining peripheral tolerance. As predicted by the missing-self hypothesis (26) , various inhibitory receptors for MHC class I molecules have been identifi ed in NK cells and T cell subsets (27) (28) (29) , such as killer Ig-like receptors (30) , CD94/NKG2A heterodimers (31) , and the C-type lectin superfamily, including mouse Ly49 receptors (32) . In the NK cell case, trans regulation has been verifi ed to be important, because MHC class I on surrounding cells is monitored through their inhibitory MHC class I receptors that suppress NK cell-mediated cytotoxicity against class I-bearing normal cells and target abnormal cells that do not suffi ciently express MHC class I, such as virus-infected cells (27, 29) . Recent analysis on mouse Ly49A suggested the consequences of both cis and trans interactions between Ly49A and its ligand H-2D d for the optimal regulation of NK cells (33) . However, little is known about the mode of regulation for other MHC class I-recognizing receptors such as LILRs on other immune cells, including basophils. In particular, mechanisms of PIRs and the MHC class I binding in mast cell regulation remain to be clarifi ed, although the possible signifi cance of PIR-B in allergic reactions has been suggested, because Th2 cell-skewed immune responses, in terms of increased IL-4 production and enhanced IgG1 and IgE production, were seen in PIR-B-defi cient (Pirb −/− ) mice in response to immunization with thymusdependent antigens (34) .
In this paper, we demonstrate the physiologic importance of constitutive cis association between LILRB2 or PIR-B and MHC class I on human basophilic cell lines or mouse mast cells, respectively. In particular, mast cells from either Pirb −/− mice or MHC class I-defi cient β 2 -microglobulin (β 2 m)-defi cient (B2m −/− ) mice and these animals themselves revealed similar profi les upon stimulation, namely IgE-and FcεRI-mediated degranulation, cytokine and lipid mediator release, and systemic anaphylaxis. These results show the essential role of the self-recognizing PIR-B or LILRB2 system in the suppression of allergic responses.
RESULTS

Cis association between LILRB2 and MHC class I
We initially examined cell-surface expression of inhibitory LILRs on human basophilic KU812 cells by fl ow cytometry. Consistent with the published data of human peripheral basophils (13) , KU812 cells express LILRB2 and LILRB3 but not LILRB1 and LILRB4 (Fig. 1 A) . KU812 cells also express substantial levels of FcεRI, HLA-A, B, C, and β 2 m (Fig. 1 B) .
LILRB2s are known to recognize a broad range of classical MHC class I molecules and nonclassical MHC class I ARTICLE molecules, such as HLA-G (14) . However, the cell-surface localization of LILRB2 and MHC class I remains to be clarifi ed. Therefore, we next investigated LILRB2 and HLA-A, B, C expression on KU812 cells by confocal microscopy.
LILRB2 was clearly colocalized within a pixel ‫02ف(‬ nm) with HLA-A, B, C on the same cell surface as KU812 cells (Fig. 1 B) . On the other hand, unlike LILRB2, LILRB3 does not bind MHC class I (14) ; thus, we used it as the negative control. Indeed, LILRB3 did not overlap with HLA-A, B, C (Fig. 1 B) . To further quantitatively confi rm the colocalization between LILRB2 and HLA-A, B, C, the fl uorescence intensity values were measured. As shown in Fig. 1 C, illustrating the linearized fl uorescence intensity profi les, the colocalization between LILRB2 and HLA-A, B, C was much more substantial than that between LILRB3 and HLA-A, B, C. In addition, the correlation coeffi cient (σ x,y ) was calculated for the intensity between LILRB2 or LILRB3 and HLA-A, B, C. The σ x,y between LILRB2 and HLA-A, B, C (σ x,y = 0.407 ± 0.121) was considerably higher than that between LILRB3 and HLA-A, B, C (σ x,y = 0.097 ± 0.175; Fig. 1 D) . As a positive control, β 2 m was colocalized well with HLA-A, B, C (σ x,y = 0.688 ± 0.163; Fig. 1, B-D) . These results suggested that LILRB2 can bind MHC class I on the same cell surface in cis.
To confi rm the cis association between LILRB2 and MHC class I on KU812 cells, we also performed fl uorescence resonance energy transfer (FRET) analysis by confocal laser microscopy with Alexa Fluor 546-conjugated anti-LILRB2 mAb as an energy donor and Alexa Fluor 647-conjugated anti-HLA-A, B, C mAb as an acceptor, because the effi ciency of the FRET from donor to acceptor represents a very sensitive indicator of the molecular colocalization on a scale of 2-10 nm (Fig. 2) (35) . Table I summarizes the FRET efficiencies between donors and acceptors obtained by the confocal laser microscopy. When KU812 cells were doubly stained with Alexa Fluor 546-conjugated LILRB2 mAb (green) and Alexa Fluor 647-conjugated HLA-A, B, C mAb (red) and then excited with the 543-nm laser, we detected a strong FRET eff ect from the excited LILRB2 mAb signal to the HLA-A, B, C mAb signal (20.7 ± 3%; Fig. 2 and Table I ). As a positive control, β 2 m showed a strong energy transfer with HLA-A, B, C (14.5 ± 4.7%; Fig. 2 and Table I ). In contrast, negative control LILRB3 did not show a notable energy transfer with HLA-A, B, C on KU812 cells (4 ± 4.9%; Fig. 2 and Table I) . These fi ndings demonstrate that LILRB2 can associate with MHC class I in cis.
Cis association between PIR-B and MHC class I
To investigate the detailed function of the inhibitory receptor for MHC class I in vitro or in vivo, we next investigated the physiological role of mouse LILRB2/B3 relatives, PIR-B, and MHC class I on bone marrow-derived mast cells (BMMCs) from C57BL/6 (B6), B2m −/− , or Pirb −/− mice induced by the IL-3-conditioned medium (36) . In initial studies, we confi rmed comparable expression levels of FcεRI, c-Kit, and IL-3 receptor α chain on B2m −/− or Pirb −/− BMMCs by fl ow cytometry (Fig. 3 A) . B2m −/− BMMCs also showed an expression level of PIR-A/B comparable to that of B6 BMMCs (Fig. 3 A) , whereas Pirb −/− BMMCs showed a very low level of PIR-A expression, indicating a dominant expression of PIR-B on mast cells, as previously indicated (24, 34) . Regarding MHC class I expression, the staining of B6 or Pirb −/− BMMCs with H-2K b /D b mAb yielded comparable expression levels of these MHC class I molecules (Fig. 3 A) . A very low level of H-2D b expression on B2m −/− BMMCs detected with anti-H-2D b mAb (Fig. 3 A) may indicate an expression of the H-2 heavy chain dimer, because the mAb is able to bind both the canonical H-2 heavy chain/β 2 m heterodimeric structure and the β 2 m-less heavy chain homodimeric structure (37, 38) .
Because LILRB2 associates with MHC class I on human basophilic KU812 cells in cis, we also explored the localization of PIRs and MHC class I on mouse mast cells by confocal microscopy. PIR-A/B was colocalized with H-2D b on the same cell surface of B6 BMMCs (Fig. 3 B) . A weak but defi nite colocalization of PIR-A and MHC class I on Pirb −/− BMMCs was also detected (Fig. 3 B) . Our fl uorescent microscopy failed to detect any robust signal for H-2D b on B2m −/− BMMCs (Fig. 3 B) . The linearization of the fl uorescence intensity and the σ x,y between PIR-B and H-2D b (σ x,y = 0.548 ± 0.15) clearly showed the colocalization between PIR-B and H-2D b on the same cell surface (Fig. 3, C and D) . Moreover, the linearization of the fl uorescence intensity and the σ x,y between PIR-A and H-2D b (σ x,y = 0.484 ± 0.235) also showed the colocalization between PIR-A and H-2D b on the same cell surface of Pirb −/− BMMCs (Fig. 3, C and D) . As a negative control, the fluorescence of signal regulatory protein (SIRP) 1α (39), an inhibitory Ig-like receptor that recognizes integrin-associated protein CD47, did not overlap with that of MHC class I (Fig. 3, B-D) . These fi ndings strongly suggest that PIR-A/B can also bind MHC class I in cis.
To further confi rm the cis association between PIR-B and MHC class I on BMMCs, we also performed FRET analysis with Alexa Fluor 546-conjugated anti-PIR-A/B mAb as an energy donor and Alexa Fluor 647-conjugated anti-H-2D b mAb as an acceptor (Fig. 4) . Table II Table II) . However, we failed to detect any substantial FRET eff ect between PIR-A and H-2K b /D b on Pirb −/− BMMCs (Fig. 4 and Table II) . A negative control SIRP1α showed no energy transfer with H-2D b (Fig. 4 and Table II) . These fi ndings demonstrate that PIR-B, as well as LILRB2, can associate with MHC class I in cis. To clarify whether the association between PIR-B and MHC class I physiologically regulates IgE-mediated mast cell activation, BMMCs were stimulated with TNP-OVA after sensitization with IgE specifi c for TNP. The degranulation responses were measured by histamine ELISA. Both B2m −/− and Pirb −/− BMMCs showed an augmented release of histamine compared with B6 BMMCs (Fig. 5 A) , indicating a suppressive role of either MHC class I or PIR-B on mast cell degranulation. We also examined cytokine and chemokine production after cross-linking of FcεRI. Consistent with the results of histamine ELISA, both B2m −/− and Pirb −/− BMMCs produced more IL-1β, GM-CSF, and macrophage infl ammatory protein (MIP)-1α than B6 BMMCs (Fig. 5 B) . 
Energy transfer between different pairs was detected from the increase in donor fl uorescence after acceptor photobleaching. FRET effi ciency (%) = (1 − fl uorescence intensity of prebleach donor cells/fl uorescence intensity of postbleach donor cells) × 100. FRET effi ciency >5 was defi ned as the threshold level for substantial transfer effi ciency. n.d., not detected (FRET effi ciency < 0%). a Data are the mean ± SD (n = 15).
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These results suggested that the interaction between PIR-B and MHC class I is physiologically critical to regulate the mast cell activation triggered by IgE. On the other hand, mast cells express various activating-type receptors other than FcεRI. To evaluate whether the deletion of PIR-B or MHC class I eff ects the mast cell activation triggered by other activating-type receptors, we next investigated cytokine production after stimulation with LPS. As shown in Fig. 5 C, both B2m −/− and Pirb −/− BMMCs produced more IL-6, GM-CSF, and MIP-1α than B6 BMMCs. These results suggested that the association between PIR-B and MHC class I inhibits LPS-mediated mast cell activation and also suggested that the PIR-B-MHC class I inhibitory system can maintain the activation threshold of the mast cell stimulated with various activation-type receptors. signaling was investigated in either B2m −/− or Pirb −/− BMMCs. We fi rst examined the tyrosine phosphorylation status of PIR-B in B6 and B2m −/− BMMCs after stimulation with IgE and TNP-OVA. As shown in Fig. 7 A, PIR-B was constitutively phosphorylated in B6 BMMCs without any stimulation. Upon clustering of FcεRI with IgE and TNP-OVA, the PIR-B tyrosine phosphorylation immediately increased (Fig. 7, A and B) . In contrast, the PIR-B phosphorylation was signifi cantly reduced in resting as well as in stimulated B2m −/− BMMCs, showing that the absence of cis interaction of PIR-B with MHC class I diminished the constitutive as well as the induced PIR-B phosphorylation (Fig. 7, A and B) . Consistent with the reduced phosphorylation, PIR-B in B2m −/− BMMCs also showed a decreased SHP-1 recruitment (Fig. 7, A and B) . Concomitant with either the reduction of the inhibitory signaling through PIR-B in B2m −/− BMMCs or the complete loss of PIR-B-mediated inhibition in Pirb −/− cells, FcεRI-mediated phospholipase C (PLC)-γ2 phosphorylation was remarkably enhanced (Fig. 7,  A and B) . In addition, the phosphorylation status of FcRγ, which associates with FcεRI and PIR-A, was augmented in B2m −/− and in Pirb −/− BMMCs (Fig. 7, A and B) . The Ca 2+ mobilization after stimulation with IgE and TNP-OVA was also substantially enhanced in B2m −/− as well as in Pirb −/− BMMCs (Fig. 7 C) . These fi ndings showed that the PIR-B-MHC class I interaction in cis is critical for the inhibitory signaling against the stimulation through FcεRI. This assay refl ects in vivo IgE-mediated mast cell activation (7). Mice were fi rst intravenously injected with monoclonal anti-TNP IgE, followed by a challenge with TNP-OVA 24 h after injection. After administration with TNP-OVA, the rectal temperature was monitored. Upon FcεRI crosslinking, either B2m −/− or Pirb −/− mice showed a signifi cant decrease in rectal temperature compared with that of B6 mice (Fig. 8 A) . Histopathological fi ndings of ear sections also showed augmented degranulation of mast cells in either B2m −/− or Pirb −/− mice (Fig. 8, B 
IgE-dependent passive systemic anaphylaxis is enhanced either in B2m
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interactions between PIR-B and MHC class I in vivo. However, these fi ndings showed that PIR-B on mast cells regulates allergic reaction in vivo.
D I S C U S S I O N
The increased incidence of allergic diseases, such as atopic dermatitis and bronchial asthma, has become a serious problem to be urgently solved. Although it is well known that combinations of various environmental factors and our genetic elements are related to the development of allergic disorders, clarifying the involvement of genetic factors like MHC in the development of allergy remains highly complicated (41) . Recent basic studies have become especially active in the fi eld of inhibitory receptors that can evoke a negative feedback signaling into mast cells (7) . On the other hand, it is well accepted that MHC class I molecules expressed ubiquitously are recognized by inhibitory NK receptors (27, 29) . Our previous study, however, showed that PIR-B expressed on B cells and myeloid lineage cells can also bind MHC class I as its ligand (25) . Human PIR-B relatives Each data point is the mean ± SD of three independent experiments. The signal intensity of B6 BMMCs at times 0 or 0.5 was plotted as 1. Statistical analyses were performed using the Student's t test. * (black), P < 0.05; or **, P < 0.01 between B6 and B2m −/− BMMCs. * (blue), P < 0.05; or **, P < 0.01 between B2m −/− and B6 BMMCs. * (red), P < 0.05; or **, P < 0.01 between Pirb −/− and B6 BMMCs. (C) Ca 2+ mobilization in B6, B2m −/− , or Pirb −/− BMMCs. Intracellular free calcium levels in Indo-1AM-loaded cells were monitored using an LSR system after cells were stimulated with 10 ng/ml TNP-OVA 1 h after sensitization with anti-TNP-IgE. The results are representative of three separate experiments.
or orthologues, LILRs, are also expressed on myeloid cells (14, 42, 43) . Particularly, the amino acid sequences of LILRB1/B2/B3 and PIR-B show almost similar homologies (49.4, 47.3 , and 54%, respectively). However, LILRB1 and LILRB2 but not LILRB3 bind MHC class I (14) . Moreover, LILRB1 is not expressed on basophils (13) . Thus, in the present study, we investigated how an inhibitory MHC class I receptor, human LILRB2 or mouse PIR-B, associates with MHC class I on human basophils or mouse mast cells, respectively. In addition, although LILRB2 was reported to inhibit the basophil activation stimulated with IgE (13), the physiological function of PIR-B in allergic responses remains to be clarifi ed. Therefore, we also examined whether PIR-B has a substantial eff ect on mast cells. Our present observations, in which primary Pirb −/− BMMCs stimulated with IgE were highly activated, reveal a novel inhibitory role of PIR-B in 
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the mast cell activation. Moreover, we found that B2m −/− mice, which lack the expression of PIR-B ligand, MHC class I, also showed augmented in vitro and in vivo IgEmediated allergic reactions. The FcεRI-mediated signal transductions, including Ca 2+ infl ux, were remarkably accelerated in either B2m −/− or Pirb −/− BMMCs. These results provide a novel insight into how MHC class I itself and its inhibitory receptor dampen the cellular activation triggered by activating receptors on mast cells.
In the present study, we used FRET analyses to show that LILRB2 or PIR-B associate with MHC class I on the same cell surface. Particularly, the constitutive cis interaction between PIR-B and MHC class I could constantly deliver the inhibitory signaling into the mast cells. Supporting this notion, PIR-B on B6 BMMCs was phosphorylated without any stimulation. In addition, the phosphorylation status of PIR-B was down-regulated in B2m −/− BMMCs. These fi ndings indicate that deletion of the cis interaction results in a reduction of the constitutive inhibitory signaling through PIR-B, thus prompting the augmented eff ector responses in either B2m −/− or Pirb −/− BMMCs. The cis interaction between an inhibitory MHC class I receptor and MHC class I is also observed in NK cells (33) . The inhibitory Ly49A NK cell receptor, which contains ITIMs in its cytoplasmic portion, not only binds to the H-2D d ligand expressed on target cells (trans interaction) but also interacts with H-2D d on the same cell surface (cis interaction). The cis interaction represses the binding capacity of Ly49A to H-2D d on target cells, leading to a reduction in the negative signaling mediated by Ly49A. Although it remains unclear how the cis or trans interaction aff ects the inhibitory signaling by Ly49A, it is possible that the cis interaction dampens the activation threshold of NK cells (33, 44) . In contrast, the present observation in which either B2m −/− or Pirb −/− BMMCs were hypersensitive to IgE stimulation suggests that the PIR-B-MHC class I interaction in cis up-regulates the activation threshold of mast cells. Our previous study demonstrated that PIR-B binds to MHC class I without any allele specifi city (25) . In addition, LILRs can recognize various classical and nonclassical MHC class I molecules (11, 14, 32, 43) . Unlike inhibitory MHC class I receptors on NK cells, it is likely that the cis interaction between LILRB2 or PIR-B and MHC class I delivers selfregulatory signaling and maintains an adequate threshold for cellular activation.
Our present study of the mixed culture of B2m −/− BMMCs with B6 or Pirb −/− BMMCs showed that PIR-B associates with MHC class I predominantly in cis but not appreciably in trans. However, we cannot exclude the possible occurrence of trans interaction between LILRB2 or PIR-B on one cell surface and MHC class I molecules on the other cell surface. Rather, it is conceivable that LILRB2 or PIR-B can interact with MHC class I both in cis and in trans. In fact, the crystal structure of the LILRB1 and HLA-A2 complexes suggests that LILRB1 can bind to HLA-A2 in trans (45), rationalizing a possible trans interaction between MHC class I and LILRB2 or PIR-B. Our present analytical system using confocal microscopy is only able to depict the cis interactions on a KU812 cell or a mast cell. Although further analysis is required to unequivocally demonstrate that LILRB2 or PIR-B can also bind to MHC class I on other cells in trans, DCs that show increased LILRB2/B3 expression can anergize alloreactive CD4 + T cells, suggesting the trans interaction between LILRB2 and MHC class I (46) . In addition, the present study did not prove whether PIR-B interacts with MHC class I in trans in vivo, because transferred B2m −/− BMMCs failed to be reconstituted. However, our previous study already suggested the possibility of trans interaction between PIRs on DCs and MHC class I molecules on allogeneic T cells in vivo based on observations in which Pirb −/− DCs activated alloreactive CD4 + and CD8 + T cells during the induction of graft-versus-host disease (25) . Therefore, it is reasonable to speculate that mast cells or basophils could also recognize MHC class I expressed on surrounding cells in the periphery.
Our present data showed that B2m −/− BMMCs mounted augmented eff ector responses as compared with B6 BMMCs. However, B2m −/− BMMCs were slightly less sensitive to IgE stimulation than Pirb −/− BMMCs. Supporting this fi nding, the phosphorylation status of PIR-B was not completely diminished in B2m −/− BMMCs. Others also reported a similar observation in which the level of PIR-B tyrosine phosphorylation was reduced by ‫%05ف‬ in B2m −/− mice (47) . Recently, a human misfolded MHC class I, HLA-B27 heavy chain dimer was identifi ed as a novel ligand for both PIR-A and PIR-B (48) . It has already been reported that the MHC class I heavy chain dimer can be expressed on the cell surface of mouse B2m −/− cells (37, 38) , as was also observed in our results (Fig. 3 A) . Although we do not exclude the possibility of the presence of other ligands expressed on B2m −/− mast cells, PIR-B may bind the MHC class I heavy chain dimer on B2m −/− cells, resulting in the slight phosphorylation of PIR-B.
In summary, our present study provides evidence that LILRB2 or PIR-B associate with MHC class I in cis and, in particular, that the cis association between PIR-B and MHC class I constitutively delivers negative signaling into mast cells and regulates the cellular activation induced by IgE. This inhibitory regulation through the cis recognition of "self" could be a novel mechanism to maintain adequate cellular responses. Indeed, the deletion of PIR-B also renders other immune cells, such as neutrophils, macrophages, and DCs, sensitive to a variety of activating agents (49, 50) .
It is well known that MHC haplotypes relate to the development of various immune disorders, including allergy and autoimmunity. The inhibitory MHC class I receptors-PIR-B in mice and LILRBs in humans-could therefore be potential therapeutic targets that overcome MHC haplotype variations.
MATERIALS AND METHODS
Mice. C57BL/6 (B6) mice were purchased from Charles River Laboratories. B2m −/− mice were purchased from the Jackson Laboratory. Mast cell-defi cient WBB6F 1 -Kit W /Kit W-v (W/W v ) mice were purchased from Japan SLC, Inc. Pirb -/-129/B6 mice (34) and Fcgr2b -/-129/B6 mice (8) were backcrossed onto B6 for 12 generations. Mice were kept and bred in the Animal Unit of the Institute of Development, Aging and Cancer (IDAC) at Tohoku University, an environmentally controlled and specifi c pathogenfree facility, according to the guidelines for experimental animals defi ned by the facility. Animal protocols were reviewed and approved by the IDAC Animal Studies Committee. All experiments were performed on 8-12-wkold age-matched mice.
Flow cytometry. KU812 cells, a human early basophilic leukocyte cell line, were donated by M. Numazaki (Tohoku University, Sendai-shi, Japan), and are cultured in T 25 tissue culture fl asks under IL-4-conditioned medium (51, 52) . BMMCs were prepared as previously described (36) (37, 38) . Cell surfaces were stained using standard techniques, and fl ow cytometric analysis was performed using a FACS LSR and CellQuest software (both from BD Biosciences). (28-8-6 ), anti-mouse β 2 m (S19.8; BD Biosciences), and anti-SHPS-1 mAbs (BD Biosciences) after fi xing with 4% paraformaldehyde. All of these mAbs were directly labeled by an Alexa Fluor 488, 546, or 647 monoclonal labeling kit (Invitrogen). Alexa Fluor 488, 546, or 594-positive signals were collected by a confocal laser scanning microscope (Fluoview FV1000; Olympus).
Confocal microscopy analysis.
Linearization analysis and the calculation of correlation coeffi cient.
Linearization analysis determines the location of the receptors observed in one plane of the cell versus the entire cell. Scans of the cell surface were made by drawing a ring-shaped area at the mid focal plane of each cell. The fl uorescence intensity of the two target molecules was normalized relative to the highest peak (y axis). The correlation coeffi cient was calculated on a pixel-by-pixel basis according to FRET analysis and image processing. KU812 cells or BMMCs plated on poly-l-lysine-coated glass-bottom dishes (Matsunami Glass Ind. Ltd.)
were imaged with a Fluoview FV1000 confocal microscopy equipped with three photomultipliers (PMTs), a heated-stage CO 2 chamber system, and an objective heater (Olympus) and controlled by FV-10ASW software (Olympus). All imaging of living cells was done at 37°C. An oil-immersion objective (PlanApoN 60; Olympus) was used exclusively for image acquisition. Alexa Fluor 546/647 FRET imaging was performed with sequential excitation at 543 nm and collection of donor-Alexa Fluor 546 (excitation = 555 nm; emission = 625 nm) and FRET (>650 nm) emission, followed by a 633-nm excitation and acceptor-Alexa Fluor 647 (>650 nm) detection. Settings were kept unchanged for analysis of all samples. Unless otherwise indicated in the fi gure legends, donor emission was detected on the PMT2, and acceptor and FRET emissions were recorded on the PMT3. To determine the donor and acceptor spectral bleed throughs in the FRET setting, individual donor-or acceptor-stained samples were also imaged. After image acquisition, FRET images were calculated using FV-10ASW software and ImageJ software (National Institutes of Health) with the plug-in program PixFRET (available at http://www.unil.ch/cig/page16989.html) (53) . Immunoblot and immunoprecipitation analysis. 2 × 10 6 BMMCs in 1 ml PBS were stimulated for 0 s, 30 s, 2 min, and 30 min at 37°C with 10 ng/ml TNP 1 h after incubation with 5 μg/ml anti-TNP-IgE. Cells were solubilized in a lysis buff er (0.75% Briji-97 [Sigma-Aldrich], 150 mM Hepes [pH 7.4], and 50 mM NaCl) containing 2 mM sodium vanadate (SigmaAldrich) and supplemented with proteinase inhibitors (Sigma-Aldrich). For immunoblot analysis, cell lysates were separated by SDS-PAGE gel, transferred to a polyvinylidene difl uoride membrane, and detected by antiphosphorylated PLC-γ2 (3871; Cell Signaling Technology, Inc.) and horseradish peroxidase (HRP)-goat anti-rabbit IgG (GE Healthcare). For immunoprecipitation analysis, precleared lysates were sequentially incubated with antip91 (sc-9609; Santa Cruz Biotechnology Inc.), anti-SHP-1 (sc-287; Santa Cruz Biotechnology Inc.), or rabbit anti-FcR common γ (polyclonal rabbit IgG) (21) and protein G-conjugated sepharose 4B (GE Healthcare). The immunoprecipitates were separated by SDS-PAGE gel, transferred to a polyvinylidene difl uoride membrane, and detected by HRP-antiphosphotyrosine mAb (4G10; Upstate Biotechnology) with the electrochemiluminescence system (GE Healthcare). The detected membranes were stripped off with a stripping buff er that contained 62.5 mM Tris (pH 6.8), 100 mM 2-mercaptoethanol, and 2% SDS and reblotted with the appropriate antibodies. These were anti-PLC-γ2 (3872; Cell Signaling Technology, Inc.), anti-p91, anti-SHP-1, or anti-FcRγ and HRP-goat anti-rabbit IgG (GE Healthcare).
Measurement of intracellular calcium. BMMCs were resuspended to 10 7 cells/ml in RPMI 1640 containing 1% FBS 1 h after incubation with 5 μg/ml anti-TNP-IgE (C38-2). Indo-1AM (Dojindo Laboratories) was
